To improve ethanol production from D-lactate, Jen1p, a monocarboxylate-proton symporter, was constitutively expressed in Saccharomyces cerevisiae NAM34-4C. The mutant produced 2.4 g/L of ethanol, approximately 2.4 times higher than that of the wild-type strain. A monocarboxylate/proton symporter gene (JEN1) null mutant was also constructed. It produced 0.19 g/L of ethanol, 5 times lower than that of the wild-type strain.
Bioethanol is a potential substitute for petroleumbased fuel. In 2007, food and forage prices rose dramatically because most bioethanol was produced from grains. 1) This practice is considered to be unsustainable due to growing competition between bioethanol feedstock supply and food supply. 2, 3) The organic wastes produced by the food industry and individual households provide a good feedstock for producing bioethanol in urban areas, because they contain large quantities of carbohydrates. The amounts of organic wastes are extremely high (amounting to about 20 million tons per year in Japan), and they do not compete with food, but this biomass is rapidly decomposed by saprophytic bacteria during storage. Using lactic acid bacteria, Kida et al. developed a bio-recycling system that utilizes household waste as a bioethanol feedstock supply without decomposition by saprophytic bacteria. 4) The saccharified solution produced from the waste contained approximately 10 g/L of lactic acid in addition to several monosaccharides, but the lactic acid was not consumed during fermentation. To the best of our knowledge, there is no report regarding ethanol production from lactic acid by Saccharomyces cerevisiae. By the conversion of this residual lactic acid to ethanol, dependence on fossil fuels may be expected to decrease, with an accompanying reduction in the release of CO 2 .
We began to study ethanol production from lactic acid using S. cerevisiae NAM34-4C, and found that it produced significant amounts of ethanol from D-lactate as compared with L-lactate at pH 3.0. 5) Ethanol was not produced from D-lactate at pH values higher than 4.5. Transport across the plasma membrane is the first step in the assimilation of D-lactate in S. cerevisiae. JEN1 encodes a permease (monocarboxylate-proton symporter) for lactate in S. cerevisiae. 6) Here we report the improvement of ethanol production from D-lactic acid by constitutive expression of Jen1p in S. cerevisiae.
The microbial strains used were S. cerevisiae NAM34-4C (prototroph: MAT, a derivative of KF-7), 7) NAM-JC (JEN1 constitutive mutant: MAT, p JEN1 Á::kanMX-P TDH3 -JEN1), and NAM-JN (JEN1 null mutant: MAT, jen1Á::kanMX). The YPD medium consisted of 10 g of Bacto yeast extract, 20 g of Bacto peptone, and 20 g of glucose per liter, pH 5.5. To select antibiotic-resistant S. cerevisiae, geneticin (G418, 200 mg/mL) was added. The MSDL medium consisted of 1.7 g of Difco yeast nitrogen base (amino acid free), 5 g of (NH 4 ) 2 SO 4 , and 20 g of D-lactic acid (99.8%, D/L þ D) per liter. The MSG medium was the same as MSDL, except that the carbon source was glucose. The YPDL medium contained 10 g of Bacto yeast extract, 20 g of Bacto peptone, and 2 g of D-lactic acid per liter, pH 3.0. Luria-Bertani medium was used in the cultivation of Escherichia coli DH10B, Á (mrr-hsd RMSmcrBC) mcrA recA1. To select antibiotic-resistant E. coli, ampicillin (50 mg/mL) or kanamycin (50 mg/mL) was added. Aerobic cultivation of S. cerevisiae was done using a Bio-photorecorder (TVS062CA, Advantec, Tokyo, Japan) that monitored the OD 660 nm to determine generation times. A constitutive expression cassette, LTKTL-P TDH3 , was constructed using pBluescript II KS þ . The promoter region (1 kb) of TDH3 (P TDH3 ) from strain S288C 8) was amplified using primers 1 and 2 with an EcoR I and a Pst I site respectively ( Table 1 ). The loxP-TEF promoter-kanMX-TEF terminator-loxP (LTKTL) cassette of pUG6 9) was amplified with primers 3 and 4 (Table 1) , each possessing an y To whom correspondence should be addressed. Tel/Fax: +81-96-326-3940; E-mail: taguchi@bio.sojo-u.ac.jp Abbreviations: Jen1p, monocarboxylate/proton symporter; JEN1, monocarboxylate/proton symporter gene; P JEN1 , promoter of JEN1; P TDH3 , promoter of TDH3; TDH3, glyceraldehyde-3-phosphate dehydrogenase isozyme 3 gene; kanMX, geneticin (G418) resistant gene; MSDL, minimum synthetic D-lactate medium; MSG, minimum synthetic glucose medium; YPDL, yeast extract-peptone-D-lactate medium; YPD, yeast extract-peptonedextrose medium; LTKTL, loxP-TEF promoter-kanMX-TEF terminator-loxP cassette; MCS, multiple cloning site EcoR I site. The P TDH3 fragment was inserted into MCS (EcoR I, Pst I) of pBluescript II KS þ . E. coli DH10B was transformed with the resulting plasmid, pPTDH3. The LTKTL fragment was inserted into the EcoR I site of pPTDH3. E. coli DH10B was transformed with the resulting plasmid, pLTKTL-PTDH3. The structure of pLTKTL-PTDH3 was verified by sequencing. PCR was done using KOD FX (Toyobo, Osaka, Japan). The concentrations of ethanol and lactic acid were determined by gas chromatography (GC). The supernatant was applied to a GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a TSG-1 (for ethanol, 3:1 m Â 3:2 mm) or a Thermon-3000 (for lactate, 1:6 m Â 3:2 mm) column and a flame ionization detector. The yield of ethanol (%) was defined as the ratio (%) of the ethanol concentration (g/L) to the theoretical maximum ethanol concentration (g/L). Transformation of NAM34-4C was done by the lithium acetate/singlestranded carrier DNA/PEG (LiAc) method. 10) A JEN1 constitutive mutant (NAM-JC) was constructed by replacing the original JEN1 promoter (300 b) with P TDH3 . NAM34-4C was transformed with the LTKTL-P TDH3 cassette fragment (Table 1 , primers 5 and 6). G418-resistant mutants were selected, and the genetic structures of the mutants were verified by PCR and sequencing. A JEN1 deficient (null) mutant (NAM-JN) was constructed by replacing the JEN1 coding sequence with the kanMX gene. The LTKTL fragment (Table 1 , primers 7 and 8) was introduced into NAM34-4C by the LiAc method. To confirm correct integration, the G418-resistant transformants were analyzed by PCR and sequencing. The expression level of Jen1p in NAM-JC was about 4 times higher than that in NAM34-4C by a GFP-tagged version of Jen1p 11) and confocal laser scanning microscopy (Leica TCS NT, Leica, Heidelberg, Germany, data not shown).
The results for ethanol production from D-lactate are shown in Fig. 1 . The D-lactate concentration in the culture of NAM34-4C dropped from 20 g/L to 7.1 g/L at 36 h, and the cell density increased with D-lactate consumption. Maximum ethanol production (1.0 g/L) was obtained at 36 h by NAM34-4C. The yield of ethanol was about 10% of the theoretical value. The Dlactate concentration in the culture of NAM-JC dropped rapidly, from 20 g/L to about 4.8 g/L, at 36 h as compared to NAM34-4C. The ethanol concentration increased linearly with the increase in D-lactate consumption, and reached a maximum of 2.4 g/L at 36 h. The yield of ethanol was 24%, and ethanol production was 2.4 times higher than that of NAM34-4C. The Dlactate consumption rate for NAM-JN was slower (12.4 g/L at 36 h) than that for NAM34-4C. Maximum ethanol production (0.19 g/L, 2% yield) was obtained at 24 h with NAM-JN, and was about 5 times lower than that for NAM34-4C.
The cell growth (OD 660 nm ) of NAM34-4C, NAM-JN, and NAM-JC was monitored with a Bio-photorecorder during the cultivation in MSDL at initial pH values of 3.5-8.5, and the generation times at each pH were calculated from the growth data ( Table 2 ). The generation time for NAM-JN increased with increases in the initial pH values from 4.5 to 7.5 in MSDL. At pH 8.5, NAM-JN did not grow. The generation time for NAM34-4C increased gradually with an increase in the initial pH value from 5.5 to 8.5, as compared with NAM-JN. NAM34-4C grew in MSDL even at pH 8.5. No significant increase in generation time was observed in the culture of NAM-JC, as compared with NAM34-4C and NAM-JN. The mutant also grew at pH 8.5. At an initial pH value of 3.5, the generation time for NAM-JC was shorter than that for NAM34-4C, and the generation time for NAM-JN was longer than that for NAM34-4C. At all pH values tested, NAM-JC always grew fastest, followed by NAM34-4C. In the MSG medium at pH values from 3.5 to 7.5, the generation times for the three strains were similar, from 1.6 to 1.7 h ( Table 2 ). The decrease in the growth rate for NAM-JN and NAM34-4C that occurred in the D-lactate medium with an increase in pH values was not observed for the glucose medium.
From these results, it can be concluded that Jen1p is required for efficient ethanol production from D-lactate even at pH 3.0. This pH value is lower than the pK value, 3.8, for lactic acid. The dissociated form of lactic acid (lactate) is transported across the plasma membrane by Jen1p, and the undissociated form is probably transported by passive transport.
6) Based on the pKa value for lactic acid, about 14% of the dissociated form of lactic acid is present in the medium at pH 3.0. Transport of the dissociated form is required for ethanol production from D-lactate, because ethanol production by NAM-JN was about 5 times lower than by the wild type. Nevertheless NAM-JN grew in a fashion similar to the wild type at pH 3.0. The slightly higher growth (OD 660 nm ) of NAM-JN in YPDL as compared with NAM34-4C (Fig. 1A) might be attributable to the fact that the undissociated form of lactic acid was used mainly for cell growth and not for ethanol production. Additional uptake of the dissociated form of lactic acid by Jen1p might be necessary for efficient ethanol production from lactate.
The highest growth rate for NAM34-4 in MSDL was observed at an initial pH of 5.5. This pH value is the same as the optimal pH for the growth of S. cerevisiae. The decrease in the growth rate of NAM-JN in MSDL might have been caused by the decreased amount of the undissociated form of lactic acid with an increase in the initial pH values, because NAM-JN lacking Jen1p probably took up D-lactic acid in its undissociated form.
Soares-Silva et al. found that several novel mutations directly modified Jen1p function, 11) and that some, such as R188A, resulted in a loss of function. If this mutant strain also produced lower amounts of ethanol from D-lactate than the wild type, the data support the results of the present study, that lactate transport by Jen1p is most likely necessary for ethanol production from Dlactate. We constructed a mutant, R188A-JEN1, and found that it showed ethanol production from D-lactate similar to that by NAM-JN (Wakamatsu et al., unpublished results).
Though Jen1p has been reported to be the only lactate-transporter in S. cerevisiae, 6) recently Pacheco et al. reported that Ady2p is also a lactate-transporter, having 7-fold lower affinity for lactate than Jen1p. 12) We constructed ADY2 mutants, constitutive and null, and found that the mutation did not change the extent of ethanol production from lactate (Tani et al., unpublished results). Thus we have found Jen1p to be the only lactate-transporter necessary for the efficient production of ethanol from D-lactate, even at pH 3.0.
